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We investigate CO2-driven diffusiophoresis of colloidal particles and bacterial cells in a Hele-
Shaw geometry. Combining experiments and a model, we understand the characteristic length and
time scales of CO2-driven diffusiophoresis in relation to system dimensions and CO2 diffusivity.
Directional migration of wild-type V. cholerae and a mutant lacking flagella, as well as S. aureus
and P. aeruginosa, near a dissolving CO2 source shows that diffusiophoresis of bacteria is achieved
independent of cell shape and Gram stain. Long-time experiments suggest possible applications for
bacterial diffusiophoresis to cleaning systems or anti-biofouling surfaces.
PACS numbers:
An aqueous suspension of charged particles in con-
tact with a dissolving CO2 source shows directional mi-
gration by diffusiophoresis [1, 2]. Here we use a Hele-
Shaw geometry with either a CO2 bubble [3–5] or a
CO2-pressurized chamber to investigate the transport
of polystyrene particles and bacterial cells. Combining
experiments and model calculations, we understand the
characteristic length and time scales of CO2-driven diffu-
siophoresis in relation to the system dimensions and CO2
diffusivity. We then study migration of wild-type Vibrio
cholerae and a mutant lacking flagella (∆flaA) near a dis-
solving CO2 source, showing that the directional motion
is diffusiophoresis, not CO2-driven chemotaxis. Also,
we demonstrate diffusiophoresis of Staphylococcus aureus
[6] and Pseudomonas aeruginosa [7], showing that dif-
fusiophoresis driven by CO2 dissolution occurs for both
Gram-positive and Gram-negative bacteria, independent
of shape. We further demonstrate that diffusiophoretic
removal of S. aureus reduces cell adhesion to a surface,
and that the removal of P. aeruginosa lasts ≥ 11 hr af-
ter CO2 is turned off. CO2-driven diffusiophoresis can
prevent surface contamination or infection by reducing
the population of cells approaching an interface, and the
mechanism can be applied to liquid cleaning systems and
anti-biofouling surfaces.
When an aqueous suspension of charged colloidal parti-
cles is exposed to dissolving CO2, positively (negatively)
charged particles migrate toward (away from) the CO2
source by diffusiophoresis [1, 2]; the fast diffusing H+
relative to HCO−3 from the dissolution of H2CO3 drives
the transport. We investigate the phenomenon using a
Hele-Shaw geometry (Fig. 1; a circular cell with radius
b = 11 mm and height h = 500 µm). Here, diffusiophore-
sis near a CO2 source is documented experimentally and
calculated (Supplementary Information; SI) for two con-
figurations – a dissolving CO2 bubble (Fig. 1(a); we call
this system HS-B) and a CO2-pressurized chamber (Fig.
1(b); HS-PC) – to examine both moving and fixed bound-
aries.
In HS-B, a CO2 bubble with radius a(t) and an initial
radius a0 dissolves at a typical speed
da
dt ≈ D1a0 ≈ O(0.1-
1) µm/s until the gas exchange reaches steady state [1, 3–
5], where D1 is the diffusivity of CO2 in water. A bubble
reaches its steady state within τ = t
a20/D1
≈ 1 (SI). The
typical diffusiophoretic velocity of nearby suspended par-
ticles up = Γp∇ ln ci scales as up ≈ Γpa0 ≈ O(0.1-1) µm/s,
where Γp and ci are the diffusiophoretic mobility of par-
ticles and concentration of ions, respectively (SI, video
1). The relative motion of particles and the interfaces
creates a charge-dependent particle distribution for both
HS-B and HS-PC (Fig. 1(c-f)).
Locally, in the vicinity of the interface, amine-modified
polystyrene (a-PS, positively charged, diameter = 1 µm)
particles accumulate and form a high particle-density re-
gion, whereas polystyrene (PS, negatively charged, diam-
eter = 1 µm) particles create an exclusion zone (EZ; Fig.
1(c-f)), where the particle concentration is small. Growth
of the local EZ in HS-PC (SI Fig. S2) is proportional to√
t, similar to EZ formation near an ion-exchange mem-
brane [8].
Particle accumulation and exclusion also occur on the
length scale ` ≈ a0 in both systems (Videos 2,3). In
the model we define the boundaries of macroscopic ac-
cumulation and exclusion as the radial distance where
the nondimensional particle concentration n¯ = n/n0 = 1
(n(r, t) is the particle concentration and n0 = n(r, 0);
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2FIG. 1. CO2-driven diffusiophoresis of colloidal particles. (a,b) Schematics of experimental setup for (a) HS-B and (b) HS-PC.
See SI for details. (c,d) Charged particles near a dissolving CO2 bubble (HS-B). Distribution of (c) amine-modified polystyrene
(a-PS) particles and (d) polystyrene (PS) particles show, respectively, local accumulation and exclusion of charged particles by
diffusiophoresis. Bright dots indicate particles. (e,f) Charged particles near the CO2 source in HS-PC. Distribution of (e) a-PS
and (f) PS particles near the fixed CO2 source show local accumulation and exclusion. (g,h) Comparison between experimental
measurements and model calculations of the macroscopic growth of the accumulation and exclusion zones. (g) Measured and
calculated values of r¯(n¯ = 1) are plotted versus τ for HS-B. (h) Measured and calculated values of rˆ(n¯ = 1) are plotted versus
τ for HS-PC. (g,h) No fitting parameter is used. (c-f) Scale bars are 500 µm.
SI). The nondimensional radial positions are defined as
r¯ = r/a0 for HS-B, and rˆ =
r−a
b−a for HS-PC. Such bound-
aries are determined analogously in the experiments (SI)
and plotted versus τ in Fig. 1(g,h). For HS-B, the
boundaries grow faster in experiments due to the ini-
tial rapid generation of the bubble, which is not included
in the model. Bubble generation introduces fast inter-
face growth, which enhances CO2 dissolution at the early
times and causes faster diffusiophoreis. The particle dy-
namics show better agreement in HS-PC. Without the
initial growth in the measured boundaries in HS-B, we
obtain similar trends of the particle dynamics between
HS-B and HS-PC (SI).
The macroscopic boundaries increase up to almost half
of the radius of the Hele-Shaw cell (≈ 0.5b) within τ = 0.2
in HS-PC. In HS-B, as noted from the time evolution of
the radius (SI), there is a velocity contribution from the
shrinking bubble (da/dt) that affects the particle distri-
bution, and this effect lasts up to τ ≈ 1.
Our understanding of the typical length and time
scales of CO2-driven diffusiophoresis in a Hele-Shaw cell
motivated us to extend our investigations to a broader
range of particles. Past studies have reported on the
use of diffusiphoresis to achieve migration of living cells
[9, 10]. For example, the goals of particle manipulation
can be to clean a region of liquid, achieve antifouling
surfaces, or prevent infection in biological systems. Two
previous studies report EZ formation in bacterial suspen-
sions in contact with an ion-exchange membrane (Nafion)
[11, 12] and discuss possible cleaning applications.
As an initial step for demonstrating and investigating
diffusiophoresis of bacterial cells by CO2 dissolution, we
chose two types of V. cholerae cells – wild-type (WT)
and a mutant lacking flagella (∆flaA), both of which are
tagged by mKO (monomeric Kusabira Orange), a bright
fluorescent protein [13]. We first confirm the diffusio-
phoretic contribution to the cell migration in the pres-
ence of a dissolving CO2 source in a Hele-Shaw geometry.
Then, using PIV, we measure the velocities of the bacte-
rial cells that move along the ion concentration gradient.
V. cholerae is Gram-negative, comma-shaped (length
≈ 2-3 µm, diameter ≈ 1 µm), and single flagellated.
The net surface charge of V. cholerae (as well as other
bacteria) is negative [14, 15], so the cells are expected
to migrate away from a CO2 source by diffusiophoresis
(Video 4). We prepared a bacterial solution by dilut-
ing the growth suspension (see SI for Methods) to 10%
M9 minimal salt solution. No nutrient is provided so
no growth and division occur on the time scale of the
experiment. Using low salt concentration helps to ex-
clude effects of coupled ion fluxes on the diffusiophoresis
of bacteria [16]. Similar to the particle experiments, we
fill the Hele-Shaw cell with bacterial suspension, and in-
troduce either a CO2 bubble or pressurize CO2 in the
inner chamber. Fluorescence intensities near the CO2
source for both HS-B and HS-PC systems are measured
(Fig. S10), and the intensity change shows that the cell
number near the dissolving CO2 source decreased signif-
icantly over time.
Particle image velocimetry (PIV) near the fixed bound-
ary measures the diffusiophoretic velocity of the cells by
a dissolving CO2 source. We plotted the velocity vectors
3FIG. 2. Velocity measurements for CO2-driven diffusio-
phoresis of V. cholerae. (a,b) PIV for V. cholerae cells in the
HS-PC experiments. Velocity vectors plotted versus position
(r− a, z). Motion of (a) wild-type and (b) ∆flaA cells at t ≈
10 minutes. The directional migration of cells is described by
aligned velocity vectors in the radially outward direction. (c)
Nondimensional z-averaged velocities obtained from (a,b) and
control experiments without CO2 at τ = 0.15 (≈ 10 minutes)
plotted versus r − a. (d) Nondimensional z-averaged veloci-
ties of PS particles, WT and ∆flaA cells obtained at τ = 0.15
plotted versus r − a.
versus position in Fig. 2(a,b), where the origin of the
z-axis is at the bottom left corner. After the CO2 valve
is opened at τ = 0, both strains of V. cholerae migrate
radially outward (Fig. 2(a,b)). The radial alignment of
the velocity vectors confirms that both motile and im-
motile V. cholerae cells move along the CO2-generated
ion concentration gradient. In Fig. 2(c), nondimensional
z-averaged velocities (u¯cell = ucell/(D1/a); ucell is the z-
average of measured velocity) of the cells at τ = 0.15 with
and without dissolving CO2 are plotted. Our observation
that both motile and immotile cells exhibit directional
migration with similar velocities shows that the motion
is not a chemotactic effect. We also compare the typical
velocity scales of the cells and the PS particles in Fig.
2(d). The diffusiophoretic velocity of the bacterial cells
is smaller than that of the PS particles, and as a first
rationalization, this is due to the smaller diffusiophoretic
mobility of the cells. Our comparison suggests that the
V. cholerae cells have three to four times smaller mobility
compared to the PS particles, since the diffusiophoretic
velocity scales as up ≈ Γpa .
To highlight the generality of the phenomenon, two
more bacteria were examined – S. aureus (mKO labeled,
Gram-positive, spherical and immotile) [6] and P. aerug-
inosa (mCherry labeled, Gram-negative, rod shaped and
motile) [7] for their diffusiophoretic response to dissolv-
ing CO2 (Fig. 3). For the HS-PC system, the diffusio-
phoretic velocities at τ = 0.3 are plotted versus r − a
in Fig. 3(a). We note that S. aureus is slower com-
pared to the other two bacteria. Both S. aureus and P.
aeruginosa have surface zeta potentials ζ ≈ −30 mV [17–
19], so the velocity difference is unexpected given that
electrophoresis makes the dominant contribution to CO2-
driven diffusiophoresis, where Γp is a function of ζ [20]
(SI). One feature of S. aureus is that surface adhesive
proteins [21] make the cells easily form clusters, which
can contribute to the change in the diffusiophoretic ve-
locity. Also, different diffusiophoretic velocities may arise
from different shapes of the cells (Fig. 3(a)). S. aureus is
approximately spherical with a diameter ≈ 1 µm, while
P. aeruginosa is ≈ 1-5 µm long and ≈ 0.5-1 µm in di-
ameter. Assuming similar ζ for the three bacteria and
the largest aspect ratio for P. aeruginosa, we obtain an
aspect-ratio dependence of the diffusiophoretic velocities
of the cells [22]. Our results also show that the surface
zeta potential is not the only parameter for determining
the diffusiophoretic velocity of bacterial cells.
In order to move toward applications for diffusio-
phoretic bacterial removal using CO2, we first quantify
adhesion of S. aureus cells to surfaces under different
CO2 dissolution conditions. Fig. 3(b) illustrates three
conditions of PDMS substrates (b-i) without and (b-ii,iii)
with CO2 sources. CO2 is introduced either by pressur-
izing CO2 below a PDMS membrane or by saturating
PDMS with carbonated water (CW; see SI for Methods).
Then the surface coverage 30 minutes after injection of a
S. aureus suspension into the chamber above the PDMS
substrate was measured by the fluorescent intensity (Fig.
3(c)). We observe that the surface attachment of S. au-
reus is significantly decreased in the presence of CO2, and
this is evidence that the CO2-generated ion concentration
gradient removed the cells from the vicinity of the sub-
strate, resulting in reduced surface contamination. Be-
low, with a set of experiments with P. aeruginosa, we
demonstrate that the bacterial removal lasts ≥ 11 hours.
In many discussions of diffusiophoresis, the focus is
often on boosting migration of micron-sized particles.
This is a clear advantage of the phenomenon, owing to
Γp  Dp (Dp ≈ 10−13 m2/s is the Stokes-Einstein diffu-
sivity of a micron-sized particle). However, smaller parti-
cle diffusivity compared to the diffusiophoretic mobility,
can also mean that, after eliminating the gradient, the
time required for particles to recover their original dis-
tribution is long (≈ 1000 hr for 1 µm particles to move 1
mm by diffusion; SI).
P. aeruginosa is known for surviving in dilute media
[23] for more than 10 days so it is suitable for long-
time diffusiophoretic experiments. We performed HS-PC
experiments with and without 1 hr of CO2 dissolution
in P. aeruginosa suspension (Fig. 3(d,e)). We predict
4FIG. 3. CO2-driven diffusiophoresis of S. aureus and P. aeruginosa. (a) Velocity measurements of bacterial cells near the CO2
source (fixed boundary configuration) at τ = 0.3 (t ≈ 20 min). Right panels: schematics showing cell shape. (b) Schematics of
adhesion experiments for S. aureus cells on PDMS surfaces. We tested three scenarios: (b-i) plain PDMS substrate in ambient
air, (b-ii) pressurized CO2 gas under the PDMS substrate, and (b-iii) PDMS substrate that is saturated with carbonated water
(CW). (c) Intensity measurements for cell coverage on PDMS substrate at t = 30 min. The gray values are normalized by that
of a corresponding no-CO2 experiment. Inset images show attachment of S. aureus cells on three different PDMS surfaces.
(d-f) Long time effect of diffusiophoresis: diffusiophoresis of P. aeruginosa cells in the fixed boundary system. (d) Schematic
of two control experiments in the fixed boundary configuration. In the presence of a finite-time CO2 source, cells move radially
outward and form an accumulation front (ring structure) in the chamber. On the other hand, when the CO2 source is replaced
by an air source, cells gradually concentrate toward both PDMS walls. (e-i,ii) Images showing the Hele-Shaw chamber at t = 1
hr. (f) Fluorescent intensity measurements near the CO2 source for two experiments in (d,e). Accumulation and exclusion of
bacterial cells near the inner PDMS wall is maintained up to 12 hours, proving long-term effect of diffusiophoresis. Scale bars
are (c) 50 µm, and (e) 5 mm.
and observe that, by CO2 diffusiophoresis, bacterial cells
move away from the inner wall, whereas without any CO2
source, the cells concentrate near both inner and outer
PDMS walls where there is an air source. The CO2 valve
was open only for 1 hr, but the result of diffusiophoresis
lasted longer than 12 hours (Fig. 3(f)). The distribution
of the cells at t = 12 hr are presented in the SI.
Finally, we discuss the diffusiophoresis of motile bacte-
ria since it is not identical to that of polystyrene particles
or immotile cells. Both V. cholerae and P. aeruginosa
are single flagellated organisms and exhibit run-reverse
patterns [24]. The effective diffusivity of motile bacteria
with typical translational speed vt and reverse time tr
can be estimated as Deff ≈ v2t tr ≈ O(100) µm2/s (SI).
It is observed (Video 5) that the flow of cells under ion
concentration gradient is a slow advection with an esti-
mated Pe´clet number Pe =
up`cell
Deff
≈ 10−3-10−2. Cells
are observed to swim randomly with their characteris-
tic velocity ≈ 30-50 µm (SI), with a slow drift (radially
outward) due to the diffusiophoretic contribution (Video
5).
In this paper, we present proof of diffusiophoretic mi-
gration of different types of bacteria under a concentra-
tion gradient of CO2, and discuss possible applications
of CO2-driven diffusiophoresis to prevent contamination.
For example, delaying biofilm formation can improve the
anti-biofouling properties of surfaces. Currently we are
working to realize the mechanism at various salt concen-
trations to broaden the understanding to physiological
or higher salinity conditions. Moreover, understanding
the characteristic scales and flow stucture near the CO2
source is crucial for the next steps of CO2-driven diffusio-
phoresis for mitigating bacterial growth on, or bacterial
removal from, surfaces.
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